INTRODUCTION
Protein disulfide isomerase (PDI), a prototypic thiol isomerase, catalyzes disulfide bond modification during protein synthesis in the endoplasmic reticulum (ER). 1 Studies of PDI gene deletion in yeast demonstrate that PDI is essential for cell viability, 2 probably because of its critical function during protein folding. The catalytic activity of PDI requires the integrity of two vicinal dithiol (CGHC) active sites. 1 Although PDI contains an ER retention sequence, it also has a distinct localization site on the cell surface; however, the function of cell surface PDI remains enigmatic.
Previous studies showed that inhibition of PDI with blocking anti-PDI antibodies disrupt platelet adhesion to collagen-coated surfaces and agonist-induced platelet aggregation. 3, 4 Further, fluorescence intravital microscopic studies have demonstrated that extracellular PDI regulates platelet accumulation at the site of arteriolar injury in live mice. 5 A recent study shows that extracellular PDI interacts with platelet and endothelial cell β3 integrins during thrombus formation, thereby regulating integrin function. 6 Neutrophils are essential for the innate immune response during vascular inflammation and tissue injury. Neutrophil recruitment into the site of vascular injury is a multi-step process, consisting of initial rolling, firm adhesion, crawling, and transmigration. Interaction of selectins with their ligands plays a critical role in neutrophil rolling over the activated endothelium, thereby subsequently activating integrins. 7 Activated αMβ2 and αLβ2 integrins interact with their ligands such as intercellular adhesion molecule-1 (ICAM-1) and induce stable adhesion and crawling of neutrophils on the activated endothelium. 8 However, the regulatory mechanism of β2 integrin function is poorly understood. Reducing agents such as dithiothreitol (DTT) are known to promote αMβ2-and αLβ2-mediated leukocyte adhesion to ICAM-1. 9, 10 Modification of disulfide bonds in the I domain of αL and αM subunits by introducing pairs of Cys residues alters the affinity of ligand binding, 11, 12 implicating that thiol exchange in integrins regulates interaction of β2 integrins with their ligands.
Although it is reported that PDI is localized on the neutrophil surface, 13 the role of neutrophil surface PDI during vascular inflammation remains unknown.
Using intravital microscopy in myeloid-specific PDI conditional knockout (CKO)
mice, we first demonstrate that neutrophil PDI regulates αMβ2 integrin-mediated neutrophil recruitment during vascular inflammation in a manner dependent on its isomerase activity. Microscopic and biochemical studies suggest that neutrophil surface PDI interacts with activated αMβ2 integrin and regulates the integrin clustering on fMLF-stimulated neutrophils. Using surface plasmon resonance, we
show that PDI directly binds to αMβ2 integrin. Studies with surface labeling probes reveal that sulfhydryl exposure in the αM subunit could be regulated by neutrophil surface PDI during cell activation. Thus, we provide the first evidence for the critical role of neutrophil surface PDI in regulating αMβ2 integrin-mediated adhesive function of neutrophils during vascular inflammation.
MATERIALS AND METHODS
Mice. Five to six week-old wild-type (WT), Lysozyme-Cre (Lys-Cre), and integrin null mice were purchased from Jackson Laboratory (Bar Harbor, ME). Generation of PDI CKO mice was described in the supplemental data.
Expression and purification of recombinant PDI. cDNA for His-tagged rat wtPDI and double mutant PDI (dmPDI) was generated as described previously.
14 Isolation of human and mouse neutrophils. Human neutrophils were isolated by percoll gradient of citrate-treated blood. 15 Approval to collect blood samples was obtained from the University of Illinois-Chicago review board. Bone marrow neutrophils isolated from the femur of euthanized mice were isolated by ficoll gradient. 16 Human and mouse neutrophils were stimulated with 0.5 and 10 μM fMLF, respectively, for 10 minutes at 37°C, unless otherwise stated. Isolation of mouse platelets, lymphocytes, and monocytes was described in the supplemental data. Adhesion assay. Flow chamber assays were performed as described previously, 17 and the detailed methods were presented in the supplemental data.
Isolation of lipid rafts. Lipid rafts/nonlipid raft fractions were prepared as described previously, 18 and the detailed methods were presented in the supplemental data.
Pull-down and immunoprecipitation assay, surface plasmon resonance, and confocal microscopy. The detailed methods were described in the supplemental data.
Intravital microscopy in vivo. Male mice (6-8 week-old) were used for intravital microscopy as described previously. 19 Briefly, control and PDI CKO mice were intrascrotally injected with murine TNF-α (0.5 μg). Three hours after TNF-α injection, the mouse was anesthetized by intraperitoneal injection of ketamine and xylazine.
The cremaster muscle was exteriorized, and neutrophils were monitored by infusion of an Alexa Fluor 647-conjugated anti-Gr-1 antibody (0.05 μg/g body weight (BW)) through a jugular cannulus. Rolling and adherent neutrophils were monitored in an area of 0.02 mm 2 over 5 minutes in the top half of inflamed cremaster venules and were recorded using an Olympus BX61W microscope with a 60 x/1.0 NA water immersion objective and a high speed camera (Hamamatsu C9300) through an intensifier (Video Scope International). Captured images were analyzed using Slidebook v5.0 (Intelligent Imaging Innovations). Six to eight different venules were monitored in one mouse. Then, recombinant wtPDI or dmPDI, 100 μg, was infused, and neutrophil recruitment was subsequently monitored in another six to seven different venules in the same mouse.
In some experiments, blocking antibodies were injected into WT or KO mice through a tail vein, followed by intrascrotal injection of TNF-α. Three hours after TNF-α injection, the same dose of the antibody was infused through a jugular cannulus. Eight to ten different venules were monitored in one mouse. The rolling influx and velocity of neutrophils and the percentage of crawling neutrophils were determined over 5 minutes in each venule. Neutrophils with a displacement of >10 μm during 1 minute were considered crawling. The number of adherent neutrophils that were stationary for >30 seconds and crawled but did not roll over, were counted.
Statistics. Statistical significance was assessed by ANOVA and Dunnett's test for comparison of multiple groups or Student t-test for comparison of two groups (GraphPad Prism4). A P value less than 0.05 was considered significant.
RESULTS

PDI is required for neutrophil recruitment during TNF-α-induced vascular
inflammation and the isomerase activity of extracellular PDI is critical for its regulatory effect.
To explore the role of PDI in neutrophil recruitment during vascular inflammation, we generated myeloid-specific PDI CKO mice using a Cre-LoxP strategy. Southern blotting of genomic DNA from mouse tails confirmed the correct site-specific targeting ( Figures 1A-B To determine whether exogenously-added PDI directly binds to neutrophils, flow cytometric analysis was performed using anti-poly His antibodies. 20 To further investigate whether exogenously-added PDI binds to PDI KO neutrophils in vivo, His-tagged wtPDI or dmPDI was infused into the PDI CKO mice 3
hours after intrascrotal injection of TNF-α. As visualized by a PE-conjugated antipoly His antibody, exogenous wtPDI and dmPDI were detected on adherent neutrophils and seemed to co-localize with β2 integrins ( Figure 2H , Videos 5-6). In Since both αLβ2 and αMβ2 integrins play crucial roles in neutrophil recruitment during vascular inflammation, 21 we hypothesized that extracellular PDI regulates β2
integrin-mediated neutrophil recruitment. Infusion of an anti-αM or anti-PDI antibody into αLβ2 null mice before and 3 hours after TNF-α-injection additionally reduced the number of adherent neutrophils, compared with control IgG ( Figure 3F ). Both antibodies significantly increased the number of rapidly rolling (>10 μm/second) and embolized neutrophils in αLβ2 null mice ( Figure 3G ). In contrast, an anti-αL but not an anti-PDI antibody significantly inhibited the number of adherent neutrophils and increased the number of rapidly rolling and embolized neutrophils in αMβ2 null mice, Neutrophil surface PDI regulates αMβ2 integrin-mediated adhesion under shear and static conditions.
Next, we examined whether neutrophil surface PDI regulates β2 integrinmediated adhesion of human neutrophils to TNF-α-stimulated HUVECs under venous shear. 22 We observed that blocking anti-PDI antibodies dose-dependently inhibited neutrophil adhesion to activated HUVECs under shear ( Figure 4A ). A combination of anti-αM and anti-αL antibodies inhibited neutrophil adhesion greater than each antibody alone ( Figure 4B ). Interestingly, the inhibitory effect of an anti-PDI antibody on neutrophil adhesion was enhanced by a combination with anti-αL but not with anti-αM antibodies. These data strongly suggest that neutrophil surface PDI regulates αMβ2 integrin-mediated neutrophil adhesion to the activated endothelium under shear.
We further investigated the role of surface PDI in neutrophil adhesion to immobilized ICAM-1 under static conditions. The total number of adherent (round and spread) human neutrophils was significantly inhibited by an anti-PDI antibody ( Figure 4C ). When the anti-PDI antibody was combined with an anti-αL but not anti-αM antibody, neutrophil adhesion was further reduced, compared with each antibody alone. Consistently, the total number of adherent WT neutrophils decreased by an anti-αM or anti-αL antibody, compared with control IgG ( Figure 4D ). Compared with WT neutrophils, PDI KO neutrophils displayed reduced adhesion to ICAM-1-coated surfaces. We found that PDI KO neutrophil adhesion is further inhibited by the anti-αL but not anti-αM antibody. These results indicate that neutrophil PDI regulates αMβ2 integrin-mediated neutrophil adhesion.
Neutrophil surface PDI interacts with activated αMβ2 integrin and such interaction likely occurs in lipid rafts.
To investigate whether PDI interacts with αMβ2 integrins on the neutrophil surface, we performed immunoprecipitation assays using lysates of human neutrophils labeled with membrane-impermeable biotin derivatives which react with primary amines (SSB). We found that αMβ2 co-immunoprecipitates with PDI ( Figure   5A ). The band density of total (inside and cell surface) αM at 170-kD and β2 at 100-kD was not changed following fMLF stimulation. However, when the blot was reprobed with peroxidase-conjugated avidin, the band density at 170-and 100-kD increased by 2.7-and 1.9-fold, respectively, upon fMLF stimulation ( Figures 5A-B) .
In addition to 170-and 100-kD bands, the density of several other bands was also enhanced, suggesting that neutrophil surface PDI could interact with other surface molecules. Conversely, PDI co-immunoprecipitated with αM, and, as reprobed with avidin, the density of the 60-kD band increased following fMLF stimulation ( Figure   S1A ). Although PDI also immunoprecipitated with αL, αL-associated PDI was not from the cell surface since the 60-kD band was not detected with avidin ( Figure S1B ).
These results implicate that surface PDI interacts with αMβ2 integrin on stimulated neutrophils.
To determine direct interaction between PDI and αMβ2, we performed surface plasmon resonance assays using recombinant proteins. The extracellular domain of recombinant αMβ2 integrin was confirmed by protein staining, immunoblotting, and ligand binding ( Figure S2 ). In the presence of Mn2+, wtPDI and dmPDI bound to αMβ2 with a Kd of 0.35 ± 0.16 and 0.59 ± 0.24 μM, respectively ( Figure 5C and Table 2 ). We also observed that FG binds to αMβ2 with a Kd of 2.8 ± 0.91 μM, which was similar to a previous result showing interaction between the αM I domain and FG (Kd = 3.98 ± 0.86 μM). 23 Therefore, our results clearly demonstrate that PDI binds to αMβ2 integrin. We further determined whether exogenous PDI binds to αMβ2 null neutrophils in flow cytometric analysis using anti-poly His antibodies.
Binding of wtPDI and dmPDI to neutrophils was enhanced following fMLF stimulation.
However, PDI binding to αMβ2 null neutrophils significantly decreased, compared with WT neutrophils ( Figure 5D ), suggesting that exogenous PDI binds to αMβ2 integrin and other surface molecules.
It is reported that αMβ2 integrin translocates to lipid rafts during neutrophil activation. 24, 25 While most proteins were detected in non-raft fractions, we found that the majority of PDI is localized in lipid rafts irrespective of fMLF stimulation (Figures 5E and S3A-B). Using lipid raft (flotilin-1) and non-raft (Cdc42) markers, we confirmed that αMβ2 integrin translocates to lipid rafts upon fMLF stimulation.
Inhibition of neutrophil surface PDI did not affect the translocation of PDI and αMβ2
integrin to lipid rafts ( Figures S4A-B) . Although it remains to be determined how PDI localizes to lipid rafts, these results implicate that the PDI-αMβ2 interaction likely occurs in lipid rafts of stimulated neutrophils.
Neutrophil surface PDI regulates soluble FG binding to activated αMβ2 integrin and clustering of the integrin.
Since soluble FG binds to αMβ2 but not αLβ2 integrin on activated neutrophils, 26 we examined whether neutrophil surface PDI regulates FG binding to These results strongly suggest that PDI regulates the interaction of FG and activated αMβ2 integrin. To further determine whether neutrophil surface PDI regulates αMβ2 integrin activation, flow cytometry analysis was performed using an antibody against activated human αMβ2 integrin (CBRM1/5). We observed that unlabeled CBRM1/5
but not anti-PDI antibodies inhibited binding of the fluorescently-labeled CBRM1/5 to neutrophils ( Figure 6C ), suggesting that neutrophil surface PDI does not regulate the conformational change of αMβ2 integrin.
In addition to its conformational change, adhesive strength and membrane redistribution of the integrin after ligand-dependent adhesion could regulate the ligand binding activity of αMβ2 integrin. 27, 28 Thus, we determined whether neutrophil surface PDI regulates clustering of activated αMβ2 integrin using confocal microscopy. When non-permeabilized human neutrophils adherent to ICAM-1-coated surfaces were stained with fluorescently-labeled CBRM1/5, activated αMβ2 integrin was detected as punctate structures ( Figure 6D ). Surface PDI was also found as punctate structures that co-localized well with activated αMβ2 integrin but not with αLβ2 integrin ( Figure S1C ). Notably, pre-treatment with the anti-PDI antibody significantly reduced co-localization of PDI with activated αMβ2 integrin on neutrophils ( Figure 6D ). To quantify the number and size of punctates of activated αMβ2 integrin as an indicator of integrin clustering, 29 the punctates with a range of 10-5000 pixels were counted. Compared with control IgG, the anti-PDI antibody significantly decreased the number of large-sized (>100 pixels), but not mediumsized (10-100 pixels), punctates of activated αMβ2 integrin on stimulated neutrophils ( Figure 6E ). These results suggest that the activity of neutrophil surface PDI is important for surface interaction of PDI with activated αMβ2 integrin and for the integrin clustering.
PDI regulates thiol exchange on αMβ2 integrin during neutrophil activation.
A previous report showed that thiol exchange may promote αMβ2-mediated leukocyte adhesion to ICAM-1. 10 Using surface labeling studies, we investigated whether sulfhydryl exposure on αMβ2 integrin is regulated by neutrophil surface PDI.
Since neutrophil activation changes the expression level of numerous surface proteins including αMβ2 integrin, we carefully examined both the surface protein expression and the corresponding sulfhydryl exposure. Neutrophils were labeled with either SSB or membrane-impermeable biotin derivatives which react with free sulfhydryls (MPB). 30 SSB-and MPB-labeled surface proteins were then pulled down by avidin agarose beads. After immunoblotting, the relative band density was quantitated. Exposure of the free thiol groups on surface αM, β2, and PDI was determined by normalizing the band density of MPB labeling (sulfhydryl exposure of surface proteins) to that of SSB labeling (quantitative expression of surface proteins).
When human neutrophils were pre-treated with control IgG, surface αM, β2, and PDI thiols showed a 1.7-, 1.1-, and 0.5-fold change, respectively, during neutrophil activation ( Figures 7A-C) . These results suggest that sulfhydryl exposure in the αM subunit increases, whereas in PDI it reciprocally decreases during neutrophil activation. When the isomerase activity of surface PDI was inhibited by an anti-PDI antibody, the sulfhydryl exposure in the αM subunit and PDI was strikingly reversed (0.5-and 1.7-fold change, respectively) but the β2 subunit had no change of the sulfhydryl exposure (1.2-fold increase). Since the blocking antibody itself affected exposure of free thiols on PDI in unstimulated neutrophils, we tested PDI KO neutrophils in the same assay. As seen in human neutrophils, control neutrophils showed a similar pattern of sulfhydryl exposure on the surface αM, β2, and PDI with a 2.1-, 1.1-, and 0.5-fold change, respectively, following fMLF stimulation ( Figures   7D-F) . In contrast, sulfhydryl groups in the αM subunit of PDI KO neutrophils were not exposed during cell activation (1.1-fold change). These results suggest that the activity of neutrophil PDI regulates sulfhydryl exchange of αMβ2 integrin -on the αM subunit -during neutrophil activation.
DISCUSSION
We demonstrate here that extracellular PDI plays a critical role in regulating αMβ2-mediated adhesive function of neutrophils during vascular inflammation.
Further, our studies reveal that neutrophil surface PDI is associated with activated αMβ2 integrin within lipid rafts and that the isomerase activity of neutrophil surface PDI regulates αMβ2 integrin clustering. Thus, we provide the first identification of a neutrophil surface thiol isomerase regulating ligand binding activity of αMβ2 integrin and neutrophil recruitment under inflammatory conditions.
The mouse model of TNF-α-induced cremaster venular inflammation has been used to study the molecular mechanisms of neutrophil recruitment into the site of inflammation. 31, 32 Using intravital microscopy of myeloid-specific PDI CKO mice, we demonstrate that neutrophil PDI is required for neutrophil adhesion and crawling during vascular inflammation. It is controversial whether the Lys-Cre system induces specific gene deletion in myeloid cells, 33, 34 and we observed that PDI CKO mice partially reduced the expression of PDI in lymphocytes. However, the rolling and adherent cells on the TNF-α-inflamed endothelium are mainly neutrophils as confirmed by Gr-1 labeling. 32 Furthermore, we confirmed that adherent monocytes are only 5% of the total adherent cells during vascular inflammation and that neutrophil adhesion is not affected under thrombocytopenic conditions ( Figure S5 ).
Thus, these results suggest that neutrophil PDI, but not other blood cell PDI, is critical for neutrophil recruitment during vascular inflammation. We are aware that the genetic approach cannot differentiate between the role of extracellular and intracellular PDI in regulating integrin function. Nevertheless, our finding that the expression of other proteins including thiol isomerases, β2 integrins, and selectin ligands is not altered in PDI KO neutrophils suggests that the targeted deletion of the PDI gene does not influence protein synthesis in the ER. Therefore, the regulatory effect of PDI gene deletion on neutrophil recruitment is likely to be derived from a defect of αMβ2 integrin function rather than a defect in integrin synthesis.
Both αMβ2 and αLβ2 integrins play important roles in neutrophil recruitment into the activated endothelium with distinct and overlapping functions. 31, 35 Although αM and αL subunits have approximately 34% homology and share the same β2 subunit, our in vitro results pointed out the importance of neutrophil surface PDI for regulating adhesive function of αMβ2 integrin. Nevertheless, our findings that exogenous PDI still binds to αMβ2 null neutrophils ( Figure 5D ) suggest that the regulatory role of PDI in integrin function may not be limited to αMβ2 integrin.
Moreover, our results and others have shown that PDI directly binds to αMβ2, αIIbβ3, and αvβ3 integrins, 6, 36 implicating that PDI could bind to other neutrophil integrins. In our studies, we could not prove that extracellular PDI regulates adhesive function of αLβ2 integrin. It is reported that the activation state of αLβ2 integrin is very transient following fMLF stimulation and only activated αLβ2 integrin is localized in the lipid rafts, which may result in rapid translocation of the integrin out of lipid rafts. 37, 38 In contrast, αMβ2 integrin is maintained in the activated state after fMLF stimulation, which would allow surface PDI to interact with αMβ2 integrin constantly in the rafts and to regulate its function. Therefore, different kinetics of αMβ2 and αLβ2 integrin activation may account for the specific regulation of αMβ2 integrin by PDI.
Alternatively, the regulatory effect of PDI on αMβ2 integrin function may result from the dominant and increased surface expression of αMβ2 integrin on activated neutrophils. 39 Consistent with a previous report, 40 we found that neutrophil adhesion is not inhibited when a blocking anti-αM antibody is infused into αL KO mice 3 hours after TNF-α-injection (data not shown). However, when the KO mice were treated with the anti-αM or anti-PDI antibodies both before and 3 hours after TNF-α injection, αLβ2 null neutrophil adhesion was further diminished (Figures 3F-G) . Dunne et al.
reported that αMβ2 integrin regulates leukocyte adhesion to TNF-α-inflamed cremaster venules with a low shear rate (200-500 s -1 ). 31 Therefore, our findings that ) in our studies.
The regulatory effect of PDI on thiol exchange on αMβ2 integrin could result from the direct interaction through disulfide bond(s). However, we could not detect the PDI-αM or PDI-β2 complex under non-reduced conditions in immunoprecipitation assays (data not shown). Instead, flow cytometric analysis demonstrates that binding of exogenous PDI to surface molecules is mediated by electrostatic interactions. A recent report showed that oxidation of the active site of PDI induces its conformational change, thereby exposing the buried substrate-binding sites and even activating its chaperone activity. 41 Since exposure of free thiols on surface PDI decreases in fMLF-stimulated human and mouse neutrophils, our results suggest that the αMβ2 binding site on PDI may be favorably exposed during neutrophil activation, which allows cell surface PDI to initially interact with αMβ2 integrin in a charge-dependent manner and then regulate thiol exchange on αMβ2 integrin and its adhesive activity.
It has long been speculated that thiol exchange on β2 integrins regulates their adhesive function. Modification of disulfide bonds in the I domain of αL and αM subunits alters the affinity of ligand binding. 11, 12 Further, DTT promotes αMβ2-and αLβ2-mediated leukocyte adhesion to ICAM-1. 9,10 Our studies with cell-impermeable probes demonstrate that free sulfhydryl groups are exposed on αM subunit following neutrophil activation. It is of interest to note that the increased sulfhydryl exposure in the αM subunit is significantly abolished by inhibition of PDI or its gene deletion.
Although we cannot eliminate a possibility that PDI also regulates thiol exchange on the β2 subunit without affecting the net change of surface thiol exposure, our results
show that PDI would interact with the αM subunit, thereby regulating integrin function.
Furthermore, our results implicate that thiol modifications of surface proteins could be different during neutrophil activation: some proteins like PDI are oxidized (decreasing sulfhydryl groups), whereas others like αM are isomerized or reduced (thereby increasing exposure of their sulfhydryl groups). Therefore, our findings in part support a long-standing hypothesis that thiol exchange on αMβ2 integrin, which could be regulated by neutrophil surface PDI, would be a regulatory mechanism for its adhesive function. Future studies are required to investigate whether PDI has a binding specificity to integrin subunits and which Cys residues on the integrin are modified by PDI.
Taken together, our studies suggest that neutrophil surface PDI interacts with activated αMβ2 integrin within lipid rafts presumably via electrostatic interactions and catalyzes thiol exchange on the integrin, thereby regulating the clustering and ligand binding activity of αMβ2 integrin during neutrophil activation. Therefore, our results provide the first evidence that extracellular PDI could be a novel therapeutic target for preventing inappropriate neutrophil sequestration.
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